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Abstract
Fluorescence resonance energy transfer (FRET) occurred readily in a cholate hexamer labeled with a
naphthyl donor and a dansyl acceptor at the chain ends when the hexamer was solubilized by sodium dodecyl
sulfate (SDS) micelles in water. Independence of the energy transfer efficiency over 1−70 mM SDS suggested
that the energy transfer resulted from the folding of the hexamer instead of its intermolecular aggregation
within the micelle. Upon addition of sodium chloride to the solution, energy transfer became less efficient,
indicating unfolding of the oligocholate. In contrast, the oligocholate stayed folded in the micelle of nonionic
Brij 30, in the presence or absence of NaCl. These results suggested that the oligocholate preferred to fold
within the small spherical SDS micelles but unfold when the preference for spherical over rodlike micelles was
not strong enough to overcome the tendency for the oligocholate to unfold.
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Fluorescence resonance energy transfer (FRET) occurred readily in a cholate hexamer labeled with a
naphthyl donor and a dansyl acceptor at the chain ends when the hexamer was solubilized by sodium
dodecyl sulfate (SDS) micelles in water. Independence of the energy transfer efficiency over 1-70 mM
SDS suggested that the energy transfer resulted from the folding of the hexamer instead of its intermolecular
aggregation within the micelle. Upon addition of sodium chloride to the solution, energy transfer became
less efficient, indicating unfolding of the oligocholate. In contrast, the oligocholate stayed folded in the
micelle of nonionic Brij 30, in the presence or absence of NaCl. These results suggested that the
oligocholate preferred to fold within the small spherical SDS micelles but unfold when the preference
for spherical over rodlike micelles was not strong enough to overcome the tendency for the oligocholate
to unfold.
Introduction
Foldamers have attracted a great deal of interest in recent
years as the synthetic analogues of biomolecules that adopt
compact, ordered conformations.1–3 On the fundamental level,
learning to control the conformation of a chain-like molecule
allows chemists to gain insight into the folding of biological
polymers. Also, the conformation of a molecule dictates its size,
shape, and the distribution of functional groups, all of which
directly affect its chemical and physical properties. Therefore,
on the practical level, conformational control can help chemists
design materials that respond to environmental stimuli in
predictable manners.
We recently reported amphiphilic foldamers4 derived from
cholic acid (Scheme 1).5 These so-called oligocholates fold into
helical structures in nonpolar solvents (e.g., hexane/ethyl acetate
or CCl4) containing a small amount of a polar solvent (e.g.,
DMSO or small alcohol). Intrastrand NH/OH hydrogen bonds
are shown to be not important to the folding.4d Instead, a
nanometer-sized hydrophilic cavity is created as the polar
* To whom correspondence should be addressed. Phone: 515-294-5845. Fax:
515-294-0105.
(1) For several representative reviews, see: (a) Gellman, S. H. Acc. Chem.
Res. 1998, 31, 173–180. (b) Kirshenbaum, K.; Zuckermann, R. N.; Dill, K. A.
Curr. Opin. Struct. Biol. 1999, 9, 530–535. (c) Stigers, K. D.; Soth, M. J.;
Nowick, J. S. Curr. Opin. Chem. Biol. 1999, 3, 714–723. (d) Hill, D. J.; Mio,
M. J.; Prince, R. B.; Hughes, T. S.; Moore, J. S. Chem. ReV. 2001, 101, 3893–
4012. (e) Cubberley, M. S.; Iverson, B. L. Curr. Opin. Chem. Biol. 2001, 5,
650–653. (f) Sanford, A. R.; Gong, B. Curr. Org. Chem. 2003, 7, 1649–1659.
(g) Martinek, T. A.; Fulop, F. Eur. J. Biochem. 2003, 270, 3657–3666. (h) Cheng,
R. P. Curr. Opin. Struct. Biol. 2004, 14, 512–520. (i) Huc, I. Eur. J. Org. Chem.
2004, 17, 29. (j) Licini, G.; Prins, L. J.; Scrimin, P. Eur. J. Org. Chem. 2005,
969–977. (k) Goodman, C. M.; Choi, S.; Shandler, S.; DeGrado, W. F. Nat.
Chem. Biol. 2007, 3, 252–262.
(2) Hecht, S., Huc, I., Eds. Foldamers: Structure, Properties, and Applica-
tions; Wiley-VCH: Weinheim, 2007.
(3) For some recent examples of foldamers, see: (a) Rodriguez, J. M.;
Hamilton, A. D. Angew. Chem., Int. Ed. 2007, 46, 8614–8617. (b) Dong, Z.;
Yap, G. P. A.; Fox, J. M. J. Am. Chem. Soc. 2007, 129, 11850–11853. (c) Liu,
S.; Zavalij, P. Y.; Lam, Y.-F.; Isaacs, L. J. Am. Chem. Soc. 2007, 129, 11232–
11241. (d) Kolomiets, E.; Berl, V.; Lehn, J.-M. Chem.sEur. J. 2007, 13, 5466–
5479. (e) Baruah, P. K.; Gonnade, R.; Rajamohanan, P. R.; Hofmann, H.-J.;
Sanjayan, G. J. J. Org. Chem. 2007, 72, 5077–5084. (f) Price, J. L.; Horne,
W. S.; Gellman, S. H. J. Am. Chem. Soc. 2007, 129, 6376–6377. (g) Smaldone,
R. A.; Moore, J. S. J. Am. Chem. Soc. 2007, 129, 5444–5450. (h) Li, C.; Wang,
G.-T.; Yi, H.-P.; Jiang, X.-K.; Li, Z.-T.; Wang, R.-X. Org. Lett. 2007, 9, 1797–
1800. (i) Shin, S. B. Y.; Yoo, B.; Todaro, L. J.; Kirshenbaum, K. J. Am. Chem.
Soc. 2007, 129, 3218–3225. (j) Yashima, E.; Maeda, K. Macromolecules 2008,
41, 3–12.
(4) (a) Zhao, Y.; Zhong, Z. J. Am. Chem. Soc. 2005, 127, 17894–17901. (b)
Zhao, Y.; Zhong, Z. J. Am. Chem. Soc. 2006, 128, 9988–9989. (c) Zhao, Y.;
Zhong, Z. Org. Lett. 2006, 8, 4715–4717. (d) Zhao, Y.; Zhong, Z.; Ryu, E.-H.
J. Am. Chem. Soc. 2007, 129, 218–225. (e) Zhao, Y.; Zhong, Z. Org. Lett. 2007,
9, 2891–2894.
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hydroxyl groups of an oligocholate point inward and is solvated
by the polar solvent preferentially.4 This preferential solvation
allows the folded oligocholate to minimize the unfavorable
solvophobic contact between its polar faces and the nonpolar
solvent.4 Moreover, some of the polar solvent molecules now
“happily” reside within a hydrophilic microenvironment instead
of in the bulk, mostly nonpolar medium. Because the oligo-
cholate relies on this preferential solvation to fold, unless
stabilized by other interactions such as metal-ligand com-
plexation,4b,e its folding requires the above mentioned special
solvent mixtures.
In this paper, we report the folding of the oligocholates within
surfactant micelles. An interesting discovery is that surfactant
micelles, as nanosized hydrophobic microenvironments dis-
persed in aqueous solution, can control the conformation of the
oligocholate. A small, spherical micelle forces the oligocholate
into the folded conformation, whereas an elongated micelle
easily accommodates an unfolded oligocholate. Nearly all
foldamers reported in recent years fold in homogeneous
solutions and/or in the solid state.1–3 Although foldamers have
been used to interact with lipid membranes,6 their folding within
surfactants assemblies (micelles or membranes) has not been
studied in detail.7 Importantly, surfactant micelles represent
unique environments and are frequently used by biochemists
to study how membrane-associated peptides/proteins behave in
a membrane-like environment. 8 As the foldamer chemistry
undergoes rapid development, studying the conformation of
synthetic foldamers in surfactant assemblies should provide
valuable insight into the folding of membrane proteins and
enable new applications of foldamers.
Results and Discussion
Folding Models for the Oligocholates within SDS Micelles.
According to our previous work, three units make up one turn
in the helical conformer of the oligocholate.4a Interestingly, more
than ten years ago, Sanders and co-workers reported that, when
cyclic oligocholate esters were subjected to transesterification,
the trimer was always the most thermodynamically favorable
species.9 Although their cyclic oligocholates are connected by
ester bonds and our linear cholate foldamers by amide, both
Sanders’ work and ours suggest that the cholate backbone
prefers trimeric periodicity. Because of the large size of the
repeat unit (ca. 1.4 nm from head to tail) and the trimeric
periodicity, the molecule changes its dimension rather dramati-
cally during folding/unfolding. As shown by the molecular
models of a cholate hexamer, the molecule can extend over
several nanometers in length in the unfolded state but shrinks
to <2 nm upon folding (Scheme 2).
Another noticeable feature of the oligocholate is the domi-
nance of hydrophobic groups in the structure. Apart from the
hydroxyl groups in the R faces and the amide linkages, the
majority of the molecule consists of hydrocarbon (see the
(5) For some examples of supramolecular systems constructed from cholic
acid, see: (a) Davis, A. P.; Bonar-Law, R. P.; Sanders, J. K. M. In ComprehensiVe
Supramolecular Chemistry; Atwood, J. L., Davis, J. E. D., MacNicol, D. D.,
Vo¨gtle, F., Eds.; Elsevier: Oxford, 1996; Vol. 4, Chapter 7. (b) Li, Y.; Dias,
J. R. Chem. ReV. 1997, 97, 283–304. (c) Maitra, U. Curr. Sci. 1996, 71, 617–
624. (d) Zhu, X. X.; Nichifor, M. Acc. Chem. Res. 2002, 35, 539–546. (e) Smith,
B. D.; Lambert, T. N. Chem. Commun. 2003, 2261–2268. (f) Davis, A. P.; Joos,
J.-B. Coord. Chem. ReV. 2003, 240, 143–156. (g) Virtanen, E.; Kolehmainen,
E. Use of bile acids in pharmacological and supramolecular applications. Eur.
J. Org. Chem. 2004, 3385–3399. (h) Zhao, Y. Curr. Opin. Colloid Interface
Sci. 2007, 12, 92–97. (i) Burrows, C. J.; Sauter, R. A. J. Inclusion Phenom.
1987, 5, 117–121. (j) Janout, V.; Lanier, M.; Regen, S. L. J. Am. Chem. Soc.
1996, 118, 1573–1574. (k) Ariga, K.; Terasaka, Y.; Sakai, D.; Tsuji, H.; Kikuchi,
J.-I. J. Am. Chem. Soc. 2000, 122, 7835–7836. (l) Werner, F.; Schneider, H.-
J. J. Inclusion Phenom. Macro. Chem. 2001, 41, 37–40. (m) Yoshino, N.; Satake,
A.; Kobuke, Y. Angew. Chem., Int. Ed. 2001, 40, 457–459. (n) Janout, V.; Regen,
S. L. J. Am. Chem. Soc. 2005, 127, 22–23.
(6) For some examples of amphiphilic foldamers that interact with lipid
bilayers, see: (a) Arnt, L.; Tew, G. N. J. Am. Chem. Soc. 2002, 124, 7664–
7665. (b) Liu, D.; Choi, S.; Chen, B.; Doerksen, R. J.; Clements, D. J.; Winkler,
J. D.; Klein, M. L.; DeGrado, W. F. Angew. Chem., Int. Ed. 2004, 43, 1158–
1162. (c) Schmitt, M. A.; Weisblum, B.; Gellman, S. H. J. Am. Chem. Soc.
2004, 126, 6848–6849. (d) Stephens, O. M.; Kim, S.; Welch, B. D.; Hodsdon,
M. E.; Kay, M. S.; Schepartz, A. J. Am. Chem. Soc. 2005, 127, 13126–13127.
(e) Gillies, E. R.; Deiss, F.; Staedel, C.; Schmitter, J.-M.; Huc, I. Angew. Chem.,
Int. Ed. 2007, 46, 4081–4084.
(7) (a) Ishitsuka, Y.; Arnt, L.; Ratajczek, M.; Frey, S.; Majewski, J.; Kjaer,
K.; Tew, G. N.; Lee, K. Y. C. J. Am. Chem. Soc. 2006, 128, 13123–13129. (b)
Violette, A.; Fournel, S.; Lamour, K.; Chaloin, O.; Frisch, B.; Briand, J.-P.;
Monteil, H.; Guichard, G. Chem. Biol. 2006, 13, 531–538.
(8) (a) Jirgensons, B.; Hnilica, L. S. J. Am. Chem. Soc. 1966, 88, 2341–
2342. (b) Luidens, M. K.; Aks, C. S.; Zhu, Q.; Smith, T. F.; MacColl, R.; Figge,
J. Peptide Res. 1993, 6, 134–139. (c) Chorev, M.; Gurrath, M.; Behar, V.;
Mammi, S.; Tonello, A.; Peggion, E. Biopolymers 1995, 36, 473–484. (d) Schibli,
D. J.; Hwang, P. M.; Vogel, H. J. Biochemistry 1999, 38, 16749–16755. (e)
Montserret, R.; McLeish, M. J.; Bockmann, A.; Geourjon, C.; Penin, F.
Biochemistry 2000, 39, 8362–8373. (f) Searle, M. S.; Jourdan, M. Bioorg. Med.
Chem. Lett. 2000, 10, 1139–1142. (g) Sanghera, N.; Pinheiro, T. J. T. Protein
Sci. 2000, 9, 1194–1202. (h) Li, H.; Li, F.; Sun, H.; Qian, Z. M. Biochem. J.
2003, 372, 757–766. (i) Schievano, E.; Calisti, T.; Menegazzo, I.; Battistutta,
R.; Peggion, E.; Mammi, S.; Palu, G.; Loregian, A. Biochemistry 2004, 43, 9343–
9351. (j) Thundimadathil, J.; Roeske, R. W.; Guo, L. Biopolymers 2006, 84,
317–328.
(9) Brady, P. A.; Bonar-Law, Ri. P.; Rowan, S. J.; Suckling, C. J.; Sanders,
J. K. M. Chem. Commun. 1996, 319–320.
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molecular models in Scheme 2). As a result, the cholate
oligomers are suited mostly for nonpolar solvent mixtures, such
as 1-5% DMSO in hexane/ethyl acetate (2/1).4a Apparently
also as a result of the hydrophobicity, the oligocholates can be
solubilized by surfactant micelles in aqueous solution. In a
previous work of ours, a chloate-methionine hybrid foldamer
was solubilized by micelles in water and used as a sensor for
mercury ions. 4c Its folding within the micelle is facilitated by
Hg2+. It was unclear, however, in that work whether an
oligocholate within a micelle would fold or unfold without any
metal-ligand complexation. This is the question that we set
out to answer in the current investigation.
When an oligocholate is solubilized by surfactant micelles
in water, only one solvent (i.e., water) is present. Hence, the
preferential solvation (Scheme 1) responsible for the folding in
the mixed solvents is no longer possible. Without any particular
driving force for folding, the oligocholate should prefer
unfolded, random conformations in order to maximize its
conformational entropy. The unfolded, random conformer tends
to dominate unless certain interactions favor the ordered
conformer. This is clearly the case if the oligocholate is
dissolved in a single solvent.4 However, the interior of a micelle
is a very different environment in comparison to a homogeneous
solution. For example, many micelles have rather limited sizes.
SDS micelles are quite small, ∼4 nanometers in diameter.10
(This is the hydrodynamic diameter. The hydrophobic core is
even smaller.) Even though the micelle might swell upon the
incorporation of an oligocholate, the oligocholate within the
micelle is still constrained and does not enjoy as much freedom
as it does in a homogeneous solution. Will unusual conforma-
tional behavior result under such a cirsumstance? This is a
question important not only to the oligocholates but also to
foldamers in general, especially because surfactant micelles are
frequently used by biochemists as media to study the folding
of membrane-associaed peptides and proteins.8
The dodecyl chain, even in the all-trans conformation, is about
1.5 nm in length. Intuitively, an SDS micelle, with a hydro-
phobic core about 3 nm or so in diameter, would have difficulty
containing an unfolded oligocholate. Being largely hydrophobic,
the oligocholate clearly does not want to stretch outside the
micelle and immerse itself in the surrounding water (Chart 1,
A). From this perspective, the folded oligocholate seems to be
more favorable, as it can be more easily accommodated by the
micelle (Chart 1, B). Another possibility is a “pearl-necklace-
like” structure (Chart 1, C), in which two or more SDS micelles
solubilize segments of the oligocholate, much as how micelles
interact with a hydrophobic polymer.11 Such a structure,
however, also seems to be problematic for the oligocholate
because large areas of hydrophobic surface are exposed to water.
Additionally, due to the much shorter chain length of the cholate
oligomer compared to a polymer, the neighboring SDS micelles
would have strong electrostatic repulsion with one another. A
fourth possibility is shown in scenario D. In this case, an
elongated, rodlike micelle is formed to accommodate the
unfolded oligocholate. Of course, it is also possible that multiple
cholates reside wihin a single SDS micelle. This last situation
can be minimized if the oligocholate is kept at a sufficiently
low concentration.
It is difficult to predict a priori whether the oligocholate
prefers to fold or unfold in a surfactant micelle. In the case of
folding in a solvent mixture, the entire system including the
oligocholate and the solvents must be considered. In the current
system, the oligocholate, the surfactants, and the water molecules
must all be taken into account. For charged surfactants,
electrostatic repulsion is weaker in a small spherical micelle
(B) than in a rodlike micelle (D).12 Spherical micelles are
typically formed for surfactants with a single hydrocarbon tail
unless other additives (salt, polyelectrolyte, or oppositely
charged surfactants, etc.) are added.12–14 With the oligocholate
included in the picture, an interesting competition takes place.
The oligocholate prefers to unfold in order to maximize its
conformational entropy, but the surfactants, to miminze elec-
trostatic interactions, favor small, spherical micelles better suited
(10) (a) Hayter, J. B.; Penfold, J. J. Chem. Soc., Faraday Trans. 1 1981, 77,
1851–1863. (b) Bezzobotnov, V.; Yu.; BorbEly, S.; Cser, L.; Farago, B.; Gladkih,
I. A.; Ostanevich, Yu. M.; Vass, Sz. J. Phys. Chem. 1988, 92, 5738–5743. (c)
Cabane, B.; Duplessix, R.; Zemb, T. J. Phys. 1985, 46, 2161–2171. (d) Borbely,
S.; Cser, L.; Ostanevich, Y. M.; Vass, S. J. Phys. Chem. 1989, 93, 7967–7969.
(e) Mishic, J. R.; Fisch, M. R. J. Chem. Phys. 1990, 92, 3222–3229.
(11) Myers, D. Surfactant Science and Technology, 2nd ed.; VCH: New York,
1992; Chapter 6.
SCHEME 2. Molecular Models of an Unfolded and Folded Cholate Hexamer (Reprinted with permission from ref 4d.
Copyright 2007, American Chemical Society, Washington, DC)
CHART 1. Schematic Representations of Potential Co-assemblies of an Oligocholate and SDS Surfactants
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to accommodate the folded oligocholate. The question is “Who
will win in this tug of war?”
It should be noted that unfavorable hydrophobic/hydrophilic
contact (shown in blue/red in Chart 1) exists in both B and D.
In either case, the hydrophilic faces of the oligocholate are
incorporated into the hydrophobic interior of a micelle. This is
certainly unfavorable, but the alternative (A or C) appears even
worse because large areas of hydrophobic surfaces are exposed
to water. As discussed previously, the oligocholate is overall a
hydrophobic molecule, and thus, the unfavorable hydrophobic/
hydrophilic contact is more severe in A/C. In B and D, at least
only a limited number of polar groups scattering along the
hydrophobic backbone (see Scheme 2) are in contact with the
hydrophobic tails of the surfactants. Because water can penetrate
the interior of a micelle appreciably,15 it is easy to imagine that
some water molecules enter the micelle, providing solvation to
the polar groups in either B or D.16
Conformations of the Oligocholates in the SDS Micelles
in Water. In order to understand the conformational behavior
of an oligocholate in the SDS micelle, we synthesized two
cholate oligomers, 2 and 3, by standard amide coupling
reactions.4a Both have six cholate units and, thus, are expected
to form two turns upon folding, resulting in a relatively short
end-to-end distance. Foldamer 2 is labeled with a naphthyl group
on one end and a dansyl group on the other. These fluorophores
are the donor (D) and the acceptor (A) for fluorescence
resonance energy transfer (FRET), respectively.
In FRET, the energy-transfer efficiency (E) is related to the
D-A distance (r) by equation E ) Ro6/(Ro6 + r6), in which Ro
is the Fo¨rster distance for a specific D-A pair and corresponds
to the distance at which the energy-transfer efficiency is 50%.17
Because Ro typically ranges from 1 to 10 nm and such a distance
is comparable to most biofoldamers, FRET is widely used to
study the conformations of proteins and DNAs. FRET is
especially suited for the oligocholates because of their nanom-
eter-sized dimension and highly dynamic conformations.18
With the Ro value equal to 2.2 nm,17,19 the naphthyl-dansyl
pair can easily detect distance between 1.5 nm (transfer
efficienty E ) 0.9) and 3.2 nm (E ) 0.1). FRET can be
measured either by an increase in the acceptor emission or the
decrease of the donor emission. Our previous work indicates
that the naphthyl emission is weak under most conditions and
FRET is bettter detected by the (increase of the) dansyl
emission.4 For this reason, control foldamer 3 was synthesized,
labeled only with the dansyl group. Its size, hydrophobicity,
and conformational behavior should be very similar to those of
foldamer 2, except that it cannot undergo FRET without the
naphthyl donor.
We first recorded the fluorescence spectra of compounds 2
and 3 in water in the presence of 2 mM SDS. This concentration
is below the CMC of SDS (ca. 8 mM)13 but was shown to
solublize oligocholates effectively in our previous work.4c When
the excitation wavelength is 350 nm, at which only the dansyl
acceptor absorbs light, both compounds have similar emission
intensity (Figure 1b). The nearly identical emission indicates
that both the concentration and the local environment of the
dansyl acceptor are the same for 2 and 3. On the other hand,
when the samples are excited at 287 nm, at which the donor
absorbs more strongly than the acceptor, the acceptor emission
around 490 nm is much stronger in the donor-acceptor-labeled
2 than in the acceptor-only 3 (Figure 1a). Clearly, after the
naphthyl donor is excited, some of its excited-state energy is
transferred to the dansyl, resulting in a higher emission in 2.
(12) SDS forms monodispersed, spherical micelles in water and polydispersed,
rodlike micelles in high salt solutions. (a) Turro, N. J.; Yekta, A. J. Am. Chem.
Soc. 1978, 100, 5951–5952. (b) Lianos, P.; Zana, R. J. Phys. Chem. 1980, 84,
3339–3341. (c) Coll, H. J. Phys. Chem. 1970, 74, 520–528. (d) Emerson, M. F.;
Holtzer, A. J. Phys. Chem. 1967, 71, 1898–1907. (e) Anaker, E. W. In Solution
Chemistry of Surfactants; Mittel, K. L., Ed.; Plenum: New York, 1979; Vol. 1.
(f) Ikeda, S.; Hayashi, S.; Imae, T. J. Phys. Chem. 1981, 85, 106–112. (g) Mazer,
N. A.; Benedek, G. B.; Carey, M. C. J. Phys. Chem. 1976, 80, 1075–1085. (h)
Missel, P. J.; Mazer, N. A.; Benedek, G. B.; Young, C. Y.; Carey, M. C. J.
Phys. Chem. 1980, 84, 1044–1057. (i) Missel, P. J.; Mazer, N. A,.; Benedek,
G. B.; Carey, M. C. J. Phys. Chem. 1983, 87, 1264–1277. (j) Corti, M.; Degiorgia,
V. J. Phys. Chem. 1981, 85, 711–717. (k) Flamberg, A.; Pecora, R. J. Phys.
Chem. 1984, 88, 3026–3033. (l) Lianos, P.; Zana, R. J. Phys. Chem. 1980, 84,
3339–3341. (m) Kratohvil, J. P. J. Colloid Interface Sci. 1980, 75, 271. (n)
Lindman, B.; Wennerstrom, H. Top. Curr. Chem. 1980, 87, 1. (o) Chen, J.-M.;
Su, T.-M.; Mou, C. Y. J. Phys. Chem. 1986, 90, 2418–2421. (p) Almgren, M.;
Swarup, S. J. Phys. Chem. 1982, 86, 4212–4216.
(13) Rosen, M. J. Surfactants and Interfacial Phenomena, 2nd ed.; Wiley:
New York, 1989; Chapter 3.
(14) Myers, D. Surfactant Science and Technology, 2nd ed.; VCH: New York,
1992; Chapter 3.
(15) (a) Menger, F. M. Acc. Chem. Res. 1979, 12, 111–17. (b) Martens, F. M.;
Verhoeven, J. W. J. Phys. Chem. 1981, 85, 1773–1777. (c) Turro, N. J.; Okubo,
T. J. Am. Chem. Soc. 1981, 103, 7224–7228. (d) Fadnavis, N.; Enberts, B. F. N.
J. Org. Chem. 1982, 47, 152–154. (e) Szajdzinska-Pietek, E.; Maldonado, R.;
Kevan, L.; Jones, R. R. M. J. Am. Chem. Soc. 1984, 106, 4675–4678.
(16) Undoubtedly, water molecules would rather join other water molecules
in the bulk. Just like the water molecules within a conventional micelle, the
water molecules in B or D are probably highly dynamic, coming in and out of
the micelle on a fast time scale.
(17) In general, FRET is better used for measuring relative instead of absolute
distances; see: (a) Stryer, L. Annu. ReV. Biochem. 1978, 47, 819–846. (b) Selvin,
P. R. Methods Enzymol. 1995, 246, 300–334. (c) Lakowicz, J. R. Principles of
Fluorescence Spectroscopy, 2nd Ed.; Kluwer: New York, 1999; Chapter 13.
(18) NOE-based NMR techniques are useful for short-range distances (<5
Å). Although standard in protein characterization, they are unsuitable for the
oligocholates. In addition to severe signal overlapping in the 1H NMR spectra,
the folded oligocholates are stabilized by solvent effects only. Without specific
hydrogen bonds to fix the folded conformer, many degenerate folded states are
expected to interconvert on a fast time scale. For a detailed discussion on
solvophobic foldamers, see: Zhao, Y.;Moore, J. S. Foldamers Based on Solvo-
phobic Effects. In Foldamers: Structure, Properties, and Applications; Hedt, S.;
Huc, I., Eds.; Wiley-VCH: Weinheim, 2007.
(19) (a) Stryer, L.; Haugland, R. P. Proc. Natl. Acad. Sci. U.S.A. 1967, 58,
719–726. (b) Haas, E.; Wilchek, M.; Katchalski-Katzir, E.; Steinberg, I. Z. Proc.
Natl. Acad. Sci. U.S.A. 1975, 72, 1807–1811.
FIGURE 1. Fluorescence spectra of foldamer 2 (blue) and foldamer 3
(red) in 2 mM SDS in water, with the excitation wavelength being (a)
287 nm and (b) 350 nm, respectively. The emission at ca. 490 nm is
that of the dansyl acceptor. [2] ) [3] ) 2.0 × 10-6 M.
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Foldamer 3 is incapable of FRET. It fluorescence is due to direct
excitation at a weakly absorbed wavelength (287 nm).
To determine the energy-transfer efficiency quantitatively, we
recorded the UV spectra of the monomer acceptor 4 and donor
5 (Figure 2a). The spectra shown in dotted lines in Figure 2b
are obtained by adding 100, 90, 80, 70...0.0% of the donor’s
UV absorbance to that of the acceptor from top to bottom. In
this way, the dotted spectra serve as references for calibrating
the energy-transfer efficiency.17 If FRET occurs in foldamer 2,
its excitation spectrum, monitored at the acceptor emission,
should have contribution from both the donor and the acceptor.
Indeed, when the excitation spectra of foldamers 2 and 3 are
normalized so that the emission intensity at 342 nm (the λmax
of the acceptor) was the same as the UV absorbance of 4 at the
λmax, the excitation spectrum of 3 is nearly identical to the UV
spectrum of 4, whereas that of the donor-acceptor-labeled
hexamer 2 has significant contribution (nearly 80%) from the
donor (Figure 2b). This contribution from the donor absorption
is not related to the direct excitation of the acceptor and can
only result from FRET. Because 2 and 3 are nearly identical in
hydrophobicity and folding, it is reasonable to assume that they
are in the same microenvironment when solubilized by SDS.
As long as the donor-acceptor-labeled and the acceptor-only
compounds are in the same microenvironment, the above
method for calculating FRET efficiency can be correctly
applied.19a Note that some spectral shifts between the UV and
the excitation spectra are observed but are fully anticipated, as
the UV spectra are recorded in THF whereas the excitation
spectra are for oligocholates solubilized in SDS/water. Different
environments are known to affect the absorption and the
emission of polarity-sensitive fluorophores such as dansyl.20
With Ro ) 2.2 nm for the naphthyl-dansyl D-A pair,17,19
the energy-transfer efficiency (E ≈ 0.8 according to Figure 2b)
gives an average calculated D-A distance of 1.7 nm. Of course,
a short D-A distance does not necessarily come from the
folding of 2. If two or more oligocholates reside within the same
micelle, intermolecular aggregation can also give rise to FRET.
To understand whether intermolecular aggregation contributes
to the energy transfer in 2, we performed similar fluorescence
experiments with the concentration of SDS varied between 1
and 70 mM. Figure 3 compares the emission intensities of the
dansyl acceptor in 2 and 3 at different concentrations of SDS.
When the dansyl acceptor is selectively excited (at 342 nm),
both 2 (0) and 3 (4) have similar emission intensity (Figure
3b). On the other hand, when the excitation wavelength is 287
nm, at which the naphthyl donor absorbs strongly, the acceptor
emission is consistently stronger in 2 (0) than in 3 (4) over
1-70 mM of SDS (Figure 3a). Although some scattering of
the data is observed, the energy-transfer efficiency is largely
independent of the SDS concentration.
The CMC of SDS is about 8 mM in water.13 Below this
concentration, the surfactants do not form micelles by them-
selves. Hydrophobic polymers are known to induce micellization
as a result of enhanced hydrophobic interactions.14 Being largely
hydrophobic, the oligocholate probably plays a similar role.
Hence, below 8 mM, micelles are only formed around the
oligocholates. SDS micelles begin to form without the help of
the oligocholates at 8 mM and progressively increase in numbers
at higher concentrations. The fact that the emission properties
of both 2 and 3 are by and large independent of the SDS
concentration (Figure 3a,b) suggests that the fluorophores are
more or less in similar microenvironments over the entire
concentration range. Because SDS (and also its micelle) is much
higher in concentration than the oligocholates, only a tiny
fraction of the micelles actually contain a foldamer. The data
strongly suggests that the energy transfer results from the folding
of the oligocholates instead of from their intermolecular
aggregation within the same micelle.
Conformation of the Oligocholates in SDS Micelles in
NaCl Solution. According to the results presented so far, the
oligocholates prefer to fold within SDS micelles in water (Chart
1, B). Without any additives, SDS molecules are known to favor
small, spherical micelles.12 Micellization results from a tradeoff
between favorable hydrophobic interactions and unfavorable
electrostatic repulsion. Spherical micelles are best at minimizing
electrostatic interactions.12 When a neutral, hydrophobic guest
enters a micelle, a spherical micelle is still better at minimizing
electrostatic interactions than a rodlike onesthis is simply the
result of lower surface charge density in the former and is
frequently seen when hydrocarbon is included in a micelle.12p
A similar situation probably happens when the neutral, hydro-
phobic oligocholate gets inside the micelle. It seems that, even
(20) Li, Y.-H.; Chan, L.-M.; Tyer, L.; Moody, R. T.; Himel, C. M.; Hercules,
D. M. J. Am. Chem. Soc. 1975, 97, 3118–3126.
FIGURE 2. (a) UV spectra of compounds 4 (λmax ∼300 nm) and 5
(λmax ∼340 nm) in THF. [4] ) [5] ) 2.0 × 10-4 M. (b) Normalized
excitation spectra of compounds 2 (blue) and 3 (red) in 2 mM SDS in
water. The acceptor emission at 492 nm was monitored. The dotted
spectra correspond to excitation spectra calculated from the UV spectra
of 4 and 5 with 100, 90, 80, 70...0.0% energy transfer from top to
bottom. [2] ) [3] ) 2.0 × 10-6 M.
FIGURE 3. Emission intensity at 492 nm of foldamer 2 (0) and
foldamer 3 (4) as a function of the concentration of SDS in water.
The excitation wavelength was (a) 287 nm and (b) 342 nm, respectively.
[2] ) [3] ) 2.0 × 10-6 M. The data points are connected to guide the
eye.
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with an oligocholate in it, the SDS micelle has a strong tendency
to maintain its spherical shape in water. When this preference
is stronger than that for the oligocholate to unfold, the
oligocholate is forced to fold, as small spherical micelle cannot
accommodate the unfolded conformer easily. This “confinement
effect” of the spherical micelle is apparently quite strong. The
energy transfer efficiency observed in SDS micelles is actually
higher that what we observed (E < 0.7) for 2 in even the most
“folding-friendly” solvent mixture, 1% DMSO in hexane/ethyl
acetate (2/1).4a
Whereas small, spherical micelles are preferred in water,
addition of a salt, such as NaCl, reduces the electrostatic
repulsion among the head groups of SDS, inducing the formation
of elongated, rodlike micelles.12 For example, fluorescent
quenching experiments suggested that the mean aggregation
number of the SDS micelle increased by 3-7-fold with the
addition of 0.6 M NaCl, depending on different probes used.12a,b
This estimation was similar to the results obtained with
membrane osmometry.12c Static12d–f and dynamic light-scatter-
ing studies,12g–k on the other hand, revealed more dramatic
growth, showing rodlike micelles >90 nm in length in 0.6
NaCl.12g It was pointed out later that the fluorescence experi-
ments underestimated the micelle size due to the lifetime of
the probe and the different way of averaging in a polydispersed
system.12l–o These studies together established the formation of
rodlike SDS micelles in NaCl. If the “confinement effect” is
indeed the main reason for the folding of the oligocholate in
SDS micelles in water, additional of NaCl should make it unfold.
Figure 4a shows the fluorescence spectra of foldamer 2 in
70 mM SDS at various concentrations of NaCl when the donor
is preferentially excited at 287 nm. As more salt is added, the
acceptor emission near 490 nm gradually decreases. The donor
emission around 350 nm, even though not as obvious, increases
overall with the higher salt concentration. Thus, as expected,
the addition of NaCl lowers the energy-transfer efficiency and
unfolds the oligocholate. Figure 4b compares the acceptor
emission in foldamers 2 (0) and 3 (4) over different concentra-
tions of NaCl. It seems that the oligocholate begins to unfold
as soon as NaCl (even as low as 5 mM) is added to the solution.
By the time the salt concentration reaches 60 mM, most of 2 is
unfolded, as its acceptor emission is nearly identical to that of
3, indicating little (if any) FRET being present.
It should be mentioned that the literature work all indicates
that rodlike micelles form in high salt solutions (e.g., 0.3-0.8
M).12 Low concentrations of NaCl (5-20 mM) are not expected
to give rise to rodlike micelles. Yet our FRET data clearly shows
the unfolding of the oligocholate. Most likely, even though the
oligocholate is forced to fold within the SDS micelle in water,
the entire system (B in Chart 1) is “spring-loaded” due to the
“unhappily” folded oligocholate. Its folding is caused by the
small, spherical micelle strongly favored by the ionic headgroups
to minimize electrostatic repulsion. As soon as salt is added to
reduce the repulsion, the confinement effect is weakened. The
oligocholate seizes the opportunity, springs open, and pushes
the micelle into a rod shape (D in Chart 1). It would be highly
desirable if we can monitor the size changes of the oligocholate-
containing micelles during salt addition. However, at the
concentration ratio of SDS/oligocholate ) 35000/1 and with
the mean aggregation number of the SDS micelles being ca.
60,12a less than 0.2% of the micelles contain oligocholates. It
is impossible for typical methods such as dynamic light
scattering to detect the size change of the micelles under such
a circumstance. Although the FRET data does not give direct
information about the oligocholate-containing micelle, it is direct
evidence for the unfolding. Unfolding starts as soon as NaCl is
added; the energy-transfer efficiency (E), nonetheless, decreases
gradually and reaches about 0.05 or less in 200 mM NaCl
(Figure 4c). Although exact quantification is difficult in these
FRET measurements, a change of D-A distance from ca. 1.7
nm (E ) 0.80) to >3.6 nm (E < 0.05) leaves no doubt for the
unfolding of the oligocholate upon NaCl addition. Considering
the dimension of the unfolded oligocholate and its hydrophobic-
ity, it is reasonable to assume that rodlike micelles are formed
around the unfolded foldamer.
Another way to increase the micelle size (length) is to keep
the salt concentration constant while increasing the SDS
concentration.12 Indeed, when the concentration of NaCl is
maintained at 100 mM and that of SDS is increased from 1 to
70 mM, oligomer 2 is observed to unfold also, as judged by
the decrease of the acceptor emission (Figure 5a). This result
is fully consistent with the “confinement effect”. Note that the
acceptor emission of foldamer 2 is much stronger in the NaCl
micellar solution than in water, particularly at low concentrations
of SDS. For example, the emission intensity of dansyl in 2 is
>200 in 1 mM SDS in 100 mM NaCl (Figure 5a, green trace)
but is <70 under the same conditions without NaCl (Figure 3a,
0, the first data point). Dansyl is highly sensitive to its local
environment, being essentially nonfluorescent in water and
highly fluorescent in nonpolar environments.20 Thus, the dif-
ference in the fluorescence intensity suggests that the interior
of SDS micelle is more hydrophobic in NaCl than that in
watersthe “salting out” effect.14
FIGURE 4. (a) Fluorescence spectra of foldamer 2 in 70 mM SDS
with various concentrations of NaCl. (b) Emission intensity at 492 nm
of foldamer 2 (0) and foldamer 3 (4) as a function of the concentration
of NaCl in 70 mM SDS. The excitation wavelength was 287 nm. (c)
Normalized excitation spectra of compounds 2 (blue) and 3 (red) in
70 mM SDS in 200 mM NaCl. The acceptor emission at 492 nm was
monitored. The dotted spectra correspond to excitation spectra calculated
from the UV spectra of 4 and 5 with 100, 90, 80, 70...0.0% energy
transfer from top to bottom. [2] ) [3] ) 2.0 × 10-6 M.
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The comparison in Figure 5b is interesting. Here, the dansyl
emission in foldamers 2 (9) and 3 (2) in 100 mM NaCl, as
well as that of 2 in water (0, taken from Figure 3a) are plotted
against the SDS concentration. At low concentrations of SDS,
foldamer 2 fluoresces more strongly in 100 mM NaCl (9) than
in water (0), probably due to the more hydrophobic micellar
interior in the salt solution.14 Oligomer 2 is folded within the
micelle, with and without salt at this point. As more SDS is
added, the preference for spherical micelle is weakened in the
salt solution and 2 starts to unfold in the salt solution but stays
folded in water. Above 10 mM SDS, 2 fluoresces more strongly
in the SDS micelles in water than in NaCl solutions because
FRET still contributes to the (acceptor) emission in water but
no longer does so for the unfolded 2 in the SDS micelles in
NaCl solution.
Conformation of the Oligocholates in Brij 30 Micelles.
Ionic surfactants are known to be highly sensitive to electrolyte,
in terms of both their CMC and the size/shape of the resulting
micelles.12–14 Nonionic ones, on the other hand, are less affected
by salt during micellization.13,14 If unfolding of the oligocholates
in the SDS micelles upon the addition of NaCl is indeed caused
by the reduction of the electrostatic interactions among the
headgroups and the transition from spherical to rodlike micelles,
the same salt-induced unfolding should be absent in nonionic
micelles.
We thus studied the folding of 2 and 3 in Brij 30, a nonionic
surfactant containing the same dodecyl hydrophobic tail as SDS.
Its headgroup is oligo(ethylene glycol), containing four units
of ethylene glycol per molecule on average. The CMC of Brij
30 is extremely low (∼0.06 M in water) without any electrostatic
repulsion among the headgroups.13,14 Figure 6 shows the data
obtained from the excitation spectra, with the acceptor emission
at 492 nm being monitored. The concentration of Brij 30 is
varied between 0.05 and 4 mM. When the foldamers are excited
at the donor absorption (287 nm), the acceptor emission of 2
(Figure 6a, 0) is consistently stronger than that of 3 (Figure
6a, ∆). When the acceptor is selectively irradiated (at 342 nm),
however, both foldamers have similar fluorescence (Figure 6b).
The concentration independence of the FRET over 80-fold
dilution once again suggests that folding instead of aggregation
is responsible for the energy transfer. This is similar to the
situation in the SDS micelles in water (Figure 3a,b). The
difference between the two micelles is the emission intensity
of 2 or 3, which is much higher in the Brij micelles than in
SDS (compare Figure 6 with Figure 3). Micelles of nonionic
surfactants are well-known to be more hydrophobic in the
interior than ionic micelles.21 Since dansyl fluoresces more
strongly in a less polar environment,20 this result is not surprising
at all. Similar observations were made with the cholate-
methionine hybrid foldamers in our previous work.4c
Another difference of the nonionic micelles is their insensitiv-
ity to electrolytes.13,14 Indeed, when 100 mM NaCl instead of
water is used to make the Brij micelles, efficient FRET (shown
by the higher acceptor emission in 2 than in 3, Figure 7a) is
still observed, in contrast to what happens in SDS micelles
(Figure 5b). Thus, when solubilized by a nonionic surfactant,
the oligocholate stays folded regardless of the concentration of
the surfactant and the presence or absence of NaCl.
Micellization of alkyl polyoxyethylene ethers depends on the
number of oxyethylene units in the headgroup. For the surfac-
tants with six or less oxyethylene units (e.g., Brij 30), the
primary micelles may aggregate further to form very large
aggregates, partly because the oxyethylene groups are not as
hydrophilic and repulsive as the ionic groups.22 The stronger
emission of 2 and 3 in the Brij 30 than in SDS micelles suggests
that the foldamers are most likely located in the hydrophobic
domain of the micelle. Although the Brij 30 micelles are
complicated by secondary aggregation, it is clear that salt has
very little effect on the coassembly of the oligocholates and
the Brij 30 micelles.
(21) Kano, K.; Ueno, Y.; Hashimoto, S. J. Phys. Chem. 1985, 89, 3161–
3166.
(22) (a) Tanford, C.; Nozaki, Y.; Rohde, M. F. J. Phys. Chem. 1977, 81,
1555–1560. (b) Ottewill, R. H.; Storer, C. C.; Walker, T. Trans. Farady Soc.
1967, 63, 2796–2802.
FIGURE 5. (a) Fluorescence spectra of foldamer 2 in 100 mM NaCl
solution at various concentrations of SDS. (b) Emission intensity at
492 nm of foldamer 2 (9) and foldamer 3 (2) as a function of the
concentration of SDS in 100 mM NaCl. The data for foldamer 2 in
water (0) is shown for comparison. The excitation wavelength was
287 nm. [2] ) [3] ) 2.0 × 10-6 M.
FIGURE 6. Emission intensity at 492 nm of foldamer 2 (0) and
foldamer 3 (4) as a function of the concentration of Brij 30 in water.
The excitation wavelength was (a) 287 nm and (b) 342 nm, respectively.
[2] ) [3] ) 2.0 × 10-6 M. The data points are connected to guide the
eye.
FIGURE 7. Emission intensity at 492 nm of foldamer 2 (0) and
foldamer 3 (4) as a function of the concentration of Brij 30 in 100
mM NaCl. The excitation wavelength was (a) 287 nm and (b) 342 nm,
respectively. [2] ) [3] ) 2.0 × 10-6 M. The data points are connected
to guide the eye.
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Conclusions
Most synthetic foldamers in the literature fold in the solid
state or in homogeneous solutions.1–3 Folded proteins are found
both in solution (i.e., in water) and in the lipid membrane. Lipid
molecules have a profound influence on the folding of membrane-
associated peptides and proteins.23 As foldamer chemistry
continues to evolve, folding of synthetic foldamers in other
media such as micelles or membranes may shed light on how
biopolymers fold and function in these media.
Solvophobic effects typically are used to describe direct
association of poorly solvated molecular surfaces. Folding of
the oligocholates is mediated by the entrapped polar solvents
in a solvent mixture (Scheme 1). This is a manifestation of the
solvophobic effects because folding is driven by the avoidance
of the hydrophilic faces of the cholates from the bulk solvent,
a mostly nonpolar mixture. This paper describes another way
of utilizing the solvophobic/hydrophobic effects to control the
conformation of the oligocholates. Oligomers 2 and 3 fold within
SDS micelles, not so much because folding can shield the polar
NH/OH groups from the hydrophobic tails of the surfactants,
but because the unfolded conformer cannot be accommodated
within a spherical micelle ∼3-4 nanometers in diameter.
Extending the chain outside the micelle into the water (A or C
in Chart 1) is unfavorable because large areas of hydrophobic
surface would be exposed to water. The folded oligocholate (B
in Chart 1), however, is not totally tamed by the SDS micelle.
As soon as NaCl is added to reduce the electrostatic repulsion,
the oligocholate springs open, pushing the micelle into a rod
shape (D in Chart 1).
Experimental Section
General Procedures. The syntheses of compounds 2-5 were
reported previously.4a Cholic acid was crystallized from 95%
ethanol and dried under vacuum at 60 °C for several hours. SDS
(g99.0%) and Birj 30 were purchased from commercial suppliers
and used as received. All other reagents and solvents were of ACS
certified grade or higher and were used as received from commercial
suppliers. All glassware and syringes were dried in an oven at least
overnight prior to use. All aqueous solutions for the CMC
measurements were prepared using Millipore water. Fluorescence
spectra were recorded at ambient temperature on a Varian Cary
Eclipse Fluorescence spectrophotometer.
Fluorescence. A typical procedure is as follows. SDS solutions
(0, 1.0, 2.0, 4.0, 6.0, 8.0, 12.0, 16.0, 24.0, 32.0, and 70.0 mM)
were prepared by weighing 0, 1.5, 2.9, 5.8, 8.7, 11.5, 17.3, 23.0,
34.6, 46.1, and 100.8 mg of SDS into 11 separate vials. The samples
were dissolved in NaCl aqueous solution (100 mM), transferred to
11 separate volumetric flasks, and diluted with 100 mM NaCl
solution to a total volume of 5.00 mL. An aliquot (20.0 µL) of the
stock solution of compound 2 or 3 (2.0 × 10-4 M in THF) was
added to 2.00 mL of a SDS solution prepared above. The sample
was allowed to sit at room temperature for 2 h and was transferred
to a quartz cuvette. The fluorescence and the excitation spectra were
recorded. The excitation wavelength was 287 nm for the fluores-
cence spectra. For the excitation spectrum, the dansyl emission at
492 nm was monitored as the excitation wavelength was scanned.
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